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Crystallization behavior of Ge-doped eutectic 
Sb 70 Te 30 films in optical disks 



Pramod K. Khulbe, Terril Hurst, Michikazu Horie, and Masud Mansuripur 



We report laser-induced crystallization behavior of binary Sb-Te and ternary Ge-doped eutectic Sh^Te^ 
_ thin film samples in a typical quadrilayer stack as used in phase-change optical disk data storage. 
Several experiments have been conducted on a two-laser static tester in which one laser operating: in 
pulse mode writes crystalline m a rk s on -amorphous film or amorphous marks on crystalline film, while 
the second laser operating at low-power cw mode simultaneously monitors the progress of the crystalline 
or amorphous mark formation in real time. in terms of the reflectivity variation. The results of this study 
show that the crystallization kinetics of this class of film is strongly growth dominant, which is signifi- 
cantly different from the crystallization kinetics of stochiometric Ge— Sb-Te compositions. In Sb-Te and 
Ge-doped eutectic Sh^Te^ thin-film samples, the crystallization behavior of the two forms of amorphous 
states, namely, as-deposited amorphous state and melt-quenched amorphous state, remains approxi- 
mately same. We have also presented experiments showing the effect of the variation of the Sb/Te ratio 
and Ge doping on the crystallization behavior of these films. © 2002 Optical Society of America 
OCIS codes: 210.0210,210.4810. 



1. Introduction 

In the phase diagram of the ternary alloy system of 
Ge-Te-Sb are stoichiometric Ge 2 Sb 2 Te 5 , GeSb 2 Te 4 , 
and GeSb 4 Te 7 materials, which fall along the GeTe- 
Sb 2 Te 3 line in the phase diagram of the ternary alloys 
system. These compositions form the basis of phase- 
change (PC) recording method in optical data storage, 
which have rapid crystallization properties (crystal- 
lization time is — 20 ns) and user data rates **- 35 
megabits per second. 1 The crystallization kinetics 
of these materials is predominantly nucleation 
driven, which is defined by the formation of a large 
number of crystallization centers, or nuclei, and their 
subsequent growth into a large number of small crys- 
talline clusters. This happens above a certain tem- 
perature called the crystallization temperature. 
Ag— In-Sb-Te-based materials that have a composi- 
tion close to the eutectic Sb 70 Te 30 are also being used 
in PC optical recording in which some of the Te is 
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replaced by Ag and In. The chemical structure of 
Ag— In-Sb-Te-based materials in an ordered state 
was found to be (Ag-Sb-Te), (In^Shy)^. 2 These 
materials show growth-dominated crystallization ki- 
netics, which means that above the crystallization 
temperature there is relatively a small probability of 
nuclei formation, however, once nuclei are formed 
they grow very rapidly. In the third category of ma- 
terials, instead of replacing Te by Ag and In, one 
could replace Te by Ge and (or) Sb to obtain another 
set of materials with higher growth probabilities in 
their crystallization kinetics. 3 A recent report 
shows that the addition of approximately 10% Ge to 
the eutectic Sb 70 Te 30 +Sb (SGT) composition results 
in a nucleation-free and pure growth-dominated crys- 
tallization process. 4 The advantage of nucleation- 
. free characteristics of SGT compositions is low jitter 
and very high amorphous phase stability. The low 
jitter in this type of media is due to the feet that the 
written amorphous marks are sharply defined along 
the crystal boundary, which in the case of stoichio- 
metric materials are defined by a gradual change in 
the density and size of the many small crystallites. 
As mentioned earlier, crystallization is a two-step 
process that involves formation of several small nu- 
clei followed by their growth into large crystalline 
clusters. In absence of the nuclei, growth cannot 
occur. Because these materials have extremely low 
nucleation probability, this leads to a very important 
property for data storage application, which is a high 
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Aluminum layer (200nm) 

Upper dielectric (20nm) 
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Fig. 1. Typical quadrilayer PC optical disk used in the present 
study. Two laser beams are focused on the PC layer at the same 
spot from the substrate side. One laser is pulsed, while the other, 
operating in cw mode, monitors in real time the reflectivity vari- 
ation caused by pulse laser heating. 



amorphous phase (or data bit) stability. This prop- 
erty also seems to be useful for a long data-retention 
time and would enable us to write smaller marks for 
achieving higher storage density. A control over the 
mark size also makes these materials attractive for 
multilevel and analog recording. In our previous ar- 
ticles we presented a detailed experimental study of 
the crystallization behavior of a stoichiometric 
Ge2£>b 2 .3Te 5 material, which showed nucleation- 
dominated crystallization kinetics. 5 ' 6 In this paper, 
we present another set of experiments conducted to 
understand the crystallization kinetics of several bi- 
nary (Sb-Te) and ternary (Ge doped Sb-Te) materi- 
als having compositions close to the eutectic point 
(Sb 70 Te 30 ) in the phase diagram of a ternary Ge— 
SrjH-Te alloy system. 

2. Experiments 

All samples used in various experiments presented in 
this paper have a typical quadrilayer disk structure 
as shown in Fig. 1. Crystallization and amorphiza- 
tion experiments were conducted on a two-laser static 
tester, which is equipped with two semiconductor la- 
sers operating at X. x = 680 nm (laser 1) and X 2 = 643 
nm (laser 2). 7 Both lasers are focused simulta- 
neously and coincidently on the PC layer of the sam- 
ple through a microscope objective of 0.6 NA from the 
substrate side. The microscope objective has a cor- 
rection for substrate thickness and gives a focus spot 
of - 0.82 p.m diameter at FWHM (k = 680 nm). The 
light reflected from the sample is collected by the 
same microscope objective and then passed through a 
glass prism, which separates two wavelengths. 
Both wavelengths are detected and fed to a digital 
oscilloscope and a computer for further processing. 
Both lasers can be operated independently in pulse 
and cw mode. However, in most experiments pre- 
sented here we used laser 1 in variable pulse-power 
and pulse-duration mode to create crystalline marks 
on amorphous films and melt-quenched amorphous 
marks on crystalline films. The mark formation 
process is monitored by measuring real-time reflec- 
tivity variation-using laser 2, which operates in low- 
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Pig. 2. Ten reflectivity traces obtained during crystalline mark 
formation on as-deposited GesSbsgTe^ film in a quadrilayer struc- 
ture. All crystalline marks were written by 3.0-mW laser pulses. 
The pulse duration was 300 ms (0—300 ms along the x axis). 
Reflectivity variation is monitored by 0.2-mW cw laser beam from 
the second laser. 



power cw mode at ~ 0.2 mW. Reflectivity variation 
during mark formation occurs because of the differ- 
ence in the optical constants (n and k) of amorphous 
and crystalline states of the PC material. Various 
layer thicknesses in a quadrilayer structure (Fig. 1) 
are optimized to give a required reflectivity difference 
for amorphous and crystalline states of the PC film, 
while maintaining a requisite thermal property of the 
stack. 8 A detailed description of the two-laser static 
tester system is reported in one of our previous pub- 
lications. 7 

3. Results 

A. Crystalline-Mark Formation on As-Deposited 
Amorphous Film 

Figure 2 shows ten reflectivity traces obtained during 
crystalline-mark formation on as-deposited amor- 
phous film of Ge 5 Sb 68 Te 27 PC material incorporated 
in a typical quadrilayer structure shown in Fig. 1. 
These reflectivity traces were obtained by applying 
ten identical laser pulses from laser 1 at ten different 
spots on the film. All laser pulses had 3.0 mW power 
and 300 ms width (0^300 ms on the x axis). In Fig. 
2, we see a rise in reflectivity at the beginning of the 
laser pulse (t = 0) in all reflectivity traces and an- 
other jump in reflectivity, which occurs randomly 
during the pulse. Crystallization occurs during the 
second jump. In one of the situations where there is 
no second jump in the reflectivity trace and the re- 
flectivity returns to its pre-pulse value is associated 
with no crystalline mark formation. Such random 
jumps in reflectivity traces and an existence of a large 
nucleation time before the onset of crystallization are 
unique to phase change materials, which show 
growth-dominated crystallization kinetics, r In con- 
trast to this behavior, in a typical. .nucle^tiQ^ 
dominated Ge 2 Sb2.3Te 5 material the cryst 




100 120 140 160 180 
Irradiation Time (ms) 

Fig. 3. Probability of crystallization versus irradiation time for 
various 4.0-mW laser-pulse schemes. In the case of irradiation 
from multiple pulses, the time interval in between pulses is a few 
seconds and is not counted in the total irradiation time. 



formation process is indicated by a nonrandom and a 
gradual increase in the reflectivity within a few tens 
of ns after the onset of the laser pulse, and the crys- 
tallization gets completed before ~ 1.0 \ls. s The re- 
flectivity traces shown in Fig. 2 indicate that there is 
a very small probability of nucleation, however, once 
a nucleation center is formed it grows very rapidly in 
crystalline clusters raising the reflectivity abruptly. 
In the event of no crystallization, the reflectivity 
drops to its amorphous-state value indicating that no 
nucleation center could be formed during the pulse. 
The rise in reflected signal (~ 3%) in the beginning of 
the pulse is not due to the crystalline mark formation 
but it is associated with the temperature dependence 
of optical constants of the PC film. This behavior, is 
very frequently observed in quadrilayer stacks in 
which optical constants of one or more layers may 
vary by laser heating and thereby modifying the re- 
flectivity of the stack. 9 
To further understand the crystallization behavior 



indicated by random jumps in reflectivity traces in 
Fig. 2, we conducted the following experiment. For 
a fixed-pulse power (4.0 mW) and fixed-pulse length 
(200 ms) we wrote 40 crystalline marks on as- 
deposited amorphous film, which produced 40 reflec- 
tivity traces, such as is shown in Fig. 2. On the basis 
of the position of jumps in these reflectivity traces, we 
evaluated the probability of crystalline mark forma- 
tion for various values of pulse-irradiation time. A 
plot of total irradiation time versus the probability of 
crystalline mark formation is shown on Fig. 3 by 
filled-square data points. Now this 4.0 mW, 200 ms 
pulse was split into two 100-ms-long pulses separated 
by a time interval of a few seconds, and this two-pulse 
sequence is used to write another set of 40 crystalline 
marks. Few crystalline marks could be written dur- 
ing the first pulse, and most of the crystalline marks 
were written during the second pulse. A plot of ac- 
cumulated irradiation time versus the probability of 



crystalline mark formation is adso plotted in Fig. 3 by 
data points represented by filled circles. Here accu- 
mulated irradiation time is the time in which a fo- 
cused laser pulse remains applied on a spot before 
crystallization occurs. For example, if a crystalline 
mark forms at 20 ms from the beginning of the second 
pulse, the accumulated irradiation time is 120 ms 
(100 ms during the first pulse plus 20 ms during the 
second pulse). Similar experiments were conducted 
for a pulse sequence of four 50-ms-long pulses, and 
eight 25-ms-long pulses. The time between the 
pulses was kept large (a few seconds). Figure 3 also 
shows the probability of crystallization versus the 
accumulated irradiation time for these pulse 
schemes. Based on Fig. 2 and Fig. 3, we draw the 
following conclusions: 

1. There is a high resistance to crystallization be- 
cause of extremely low nucleation probability. On 
formation of a nucleation center the crystallization 
process proceeds very rapidly as evidenced by very 
sharp jumps in the reflected signal in Fig. 2. 

2. There is an extremely small probability of crys- 
talline mark formation under ~ 38 ms irradiation 
time and 100% probability of crystalline mark forma- 
tion for 200 ms irradiation time. The average nu- 
cleation time, the time in which the probability of 
crystallization reaches 0.5, is — 130 ms. 

3. The nucleation time seems to be accumulative in 
nature. When crystallization does not occur during 
the first (or first few) pulse(s), the irradiated spot 
seems to have a kind of memory of the irradiation 
time. That is why all the probability curves fall ap- 
proximately together in Fig. 3. Previously, we have 
shown that a controlled laser heating of an amor- 
phous stochiometric PC film (Ge 2 Sb^ 3 Te 5 ) below its 
crystallization temperature modifies its amorphous 
state, such that the new amorphous state, called the 
primed state, has improved the crystallization prop- 
erties. 5 It may be possible that the amorphous spot 
having irradiation memory is a material state equiv- 
alent to the primed state of stochiometric PC film. 

B. Crystalline-Mark Formation on Melt-Quenched 
Amorphous Rim 

The study of the crystallization behavior of the melt- 
quenched amorphous state is important, because in a 
real system it is the melt-quenched amorphous mark 
that is going to be erased (or crystallized) in a direct 
overwrite application. We know that in n flfnrhin- 
metric PC film the crystallization properties of as- 
f 3eposit ed and melt-quenched states are significantly 
(Efferent. To investigate if Ge 5 Sb 68 Te 2 7 films also 
sTioMr ^imilar difference, we prepared a large melt- 
quenched amorphous region. This was done by pre- 
paring a large crystalline region by scanning the 
focused laser beam in cw mode at 3.0 mW of power 
across the PC film in a raster (or a snake) pattern. 
On this crystalline film surface we wrote an array of 
very closely spaced melt-quenched amorphous marks 
by pulsing laser 1 at 16.0 mW. The pulse duration 
was kept very short (40 ns) for a rapid quenching. 
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Pig. 4. Picture showing as-deposited amorphous, melt-quenched 
amorphous, and crystalline sections on a GesSbeaTe^ film The 
crystalline section was prepared by x-y scanning of a cw laser 
beam focused on an as -deposited amorphous surface. The melt- 
quenched amorphous area is created by writing an array (40 X 80) 
of closely spaced melt-quenched amorphous marks on a crystalline 
film surface. Focused laser pulses of 16.0 mW and 40-ns long 
wrote individual melt-quenched marks. The mark spacing in the 
array is 0.5 fun. We also see some defects on the film, which 
might have occurred during deposition. 



The spacing between adjacent marks was smaller 
than the diameter of individual marks. This en- 
sured a uniform melt-quenched amorphous area. 
Figure 4 shows a section of the melt-quenched amor- 
phous region created by this method. Such a large 
melt-quenched amorphous region is impossible to 
form in a film of stochiometric composition in which 
any attempt to write an array of melt-quenched 
marks partly or fully crystallizes previously written 
marks falling in the vicinity of the focused laser spot. 
This is because the Gaussian temperature profile 
around the focused laser spot on the film extends far 
beyond the size of the molten pool created by the laser 
heating, which allows nucleation and subsequent 
growth of crystalline clusters in the periphery of any 
newly formed melt-quenched mark. However, in 
G e 5Sb 68 Te 27 material the nucleation probability is 
extremely small, therefore it is extremely unlikely 
that any nucleation center is created within 40 ns of 
the time of the pulse width. 

We measured the reflectivity variation of the sur- 
face shown in Fig. 4 by scanning a low-power (0.1 
mW) focused cw laser 1 beam from approximately the 
center of the crystalline area toward the top, pass- 
ing through the melt-quenched area. The result is 
shown in Fig. 5. This curve indicates that the re- 
^flectivity of the meltKjuenAed amorphous state is ^ 
sightly ^gher--than" the_reflectivi tv of the as^ 
dej^ited^m^ present we do not 

unambiguously understand the origin of this differ- 
ence in reflectivity. However, the nucleation proba- 
bility of the melt-quenched state is also slightly 
higher than that of the as-deposited state, which 
Zhou et aZ.a has attributed to the presence of 
quenched-in embryos in the melt-quenched state. 
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Fig. 5. Reflectivity variation across the film surface shown in Fig. 
4. Reflectivity variation was measured fay a focused cw laser 
beam operating at very low power. This graph indicates that the 
reflectivity of the melt-quenched amorphous state is slightly 
higher than the as-deposited amorphous state. 



These quenched^in 'embiyps may be responsible for 
this slight increase m* thei r^fler^vity in the case of 
the tnelt^u^ched am 

Figure /6 dhows the Variation in reflectivity during 
crystallm6-ma^ melt-quehched amor- 

phous film upon application of ten identical laser 
pulses from lasers 1 • at ten different spots on the film. 
All laser pulses have 3.0 mW of power and were 300 
ms long (0 ^-300 ins oh the x axis). Figure 6 shows an 
abrupt ri$e in the reflectivity at the beginning of the 
laser pulse (t <~0) and another jump in reflectivity 
that occurs randomly anywhere during the pulse. 
As explained before, the rise in the reflectivity in the 
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Fig. 6. Reflectivity traces obtained during crystalline mark for- 
mation in melt-quenched Ge 6 Sb 68 Te 2 7 film in a quadrilayer struc- 
ture. All crystalline marks were written by a single 3 .0-mW laser 
pulse. The pulse duration was 300 ms (0-300 ms along the x 
axis). A 0.2-mW cw laser beam from the second laser * monitors 
the reflectivity variation. ; ,: 
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Fig. 7. Probability of crystallization versus irradiation time for 
various 4.0-mW laser-pulse schemes. In the case of irradiation 
from multiple pulses, the time interval in between pulses is a few 
seconds and is not counted in the total irradiation time. 



beginning of the pulse is not due to the crystalline 
mark formation, but because of the change in the 
optical constant of the PC film due to laser heating. 
Crystallization occurs during the second random 
jump in reflectivity. Similar experiments carried 
out at a different pulse power indicate similar behav- 
ior. In Fig. 3 we have shown results of a multi-pulse 
crystallization experiment on as-deposited amor- 
phous film. We conducted an identical experiment 
on a melt-quenched amorphous surface and the re- 
sults are shown in Fig. 7. Comparisons of reflectiv- 
ity traces of Fig. 2 and Fig. 6, and the probability 
curves of Fig. 3 and Fig. 7 indicate that the funda- 
mental nature of the crystallization kinetics remains 
approximately same for as-deposited and melt- 
quenched amorphous states. The only difference be- 
tween Figs. 3 and 7 is that in case of melt-quenched 
amorphous film, there is a slightly higher crystalli- 
zation probability at lower irradiation times, which 
may be due to the presence of quenched-in embryos in 
melt-quenched state as indicated by Zhou et aL 3 

C. Crystallization at Amorphous and Crystalline Boundary 
Figure 8 shows the crystallization experiment con- 
ducted at thie boundary of as-deposited amorphous 
and crystalline sections of a PC film (Ge 5 Sb 68 Te 2 7) to 
study the effect of such a boundary on crystalline 
growth. Many identical 4.0-raW- and 5.0-u.s-long 
pulses from laser-1 were used to write crystalline 
marks along the line AB in Fig. 8. On moving along 
the line the overlap of the laser spot increases with 
the crystalline section. The reflectivity traces ob- 
tained during this experiment are also shown in Fig. 
8. The bottom two reflectivity traces, where there is 
no jump in the reflectivity during the laser pulse that 
indicates no crystalline mark formation. This is be- 
cause the laser spot was completely in the as- 
deposited amorphous region, where the probability of 
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• Fig. 8. Schematic of a crystallization experiment conducted at the 
boundary of the as-deposited amorphous and crystalline 
GesSbeeTe^ film. Open circles indicate laser spots that have a 
different overlap with the amorphous and crystalline sections as 
we move along the line AB. The reflectivity curves obtained on 
application of 4.0-mW, 5.0-^jls long laser pulses along this line are 
also shown. Hie bottom curve is obtained from spot A, which is in 
the fully as-deposited amorphous section, and the top curve is 
obtained from spot B, which is in the fully crystalline section. 

crystallization is extremely small for 5.0 u.s of irradi- 
ation time. Once the laser spot partially moves into 
the crystalline region, we notice a jump in the reflec- 
tivity during the pulse in the third trace from the 
bottom and also an increase in initial value of reflec- 
tivity. The initial reflectivity is the measure of the 
overlap between the laser spot and the crystalline 
section because of the fact that the crystalline section 
has a higher reflectivity as compared to the as- 
deposited amorphous state. The jump at ~ 2.0 u.s 
indicates crystallization, which is the first crystalli- 
zation event noticed on moving along the line. On 
further increasing the overlap of the laser spot with 
the crystallized portion, we see that the crystalliza- 
tion onset moves toward the onset of the laser pulse. 
When the laser spot completely moves into the crys- 
talline section (at point B), we see high initial reflec- 
tivity, which slightly decreases at the laser pulse 
onset and thereafter stays constant. This slight 
drop in the reflectivity at the laser pulse onset is due 
to a change in the optical constant of the crystalline 
PC layer due to laser heating. This experiment 
clearly demonstrates the role of the amorphous- 
crystalline boundary in the crystallization kinetics of 
Ge 5 Sb 68 Te 27 material. 

Figure 9 shows the result of an exactly similar 
experiment carried out at the melt-quenched amor- 
phous and crystalline boundary. Many identical 
4.0-mW- and 5.0-u.s-long pulses from laser 1 were 
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Fig. 9. Schematic of a crystallization experiment conducted at the 
boundary of the melt-quenched amorphous and crystalline 
GegSb^Te^ film. Open circles indicate laser spots, which have a 
different overlap with the amorphous and crystalline sections as 
we move along the line AB. The reflectivity curves obtained on 
application of 4.0-mW and 5.0-^jls long laser pulses along this line 
are also shown. The bottom curve is obtained from spot A, which 
is in the fully melt-quenched amorphous section, and the top curve 
is obtained from spot B, which is in the fully crystalline section. 



used to create crystalline marks along the line AB in 
Fig. 9. In this figure the bottom three reflectivity 
traces correspond to no crystalline mark formation 
because the laser spot was completely in the melt- 
quenched region. Once the laser spot partially 
moves into the crystalline region in the fourth reflec- 
tivity trace from the bottom, crystallization onset oc- 
curs at *— 0.2 |xs. By further increasing the overlap 
of the laser spot with the crystallized portion, we see 
that the crystallization onset occurs almost at the. 
onset of the laser pulse. Once the laser focus spot 
moves into the crystalline section, we see reflectivity 
traces identical to the one observed in Fig. 8. This 
experiment clearly indicates that the boundaries of 
the as-deposited amorphous and the melt-quenched 
amorphous within the crystalline sections play simi- 
lar roles in crystallization kinetics. 

D. Erasure of Melt-Quenched Amorphous Marks 

To study the erasure of melt-quenched amorphous 
marks, we created three sets of melt-quenched amor- 
phous marks on a fully crystalline Ge 5 Sb 68 Te 2 7 film. 
The first set of melt-quenched amorphous marks 
were created by operating laser 1 at 16.0 mW pulse 
power and 40 ns pulse width. These amorphous 
marks were then erased (re-crystallized) at various 



pulse power in the range of 2.0—7.0 mW. All erase 
pulses were 2.0-jts long. The reflectivity traces ob- 
tained during this experiment are shown in Fig. 
10(a), where the reflectivity trace that shows a drop 
in reflectivity from ~ 34% to — 24%, a difference of 
10%, is obtained during melt-quenched amorphous 
mark formation. The difference between the 
crystalline-state reflectivity and the reflectivity mea- 
sured at the center of the melt-quenched mark on the 
crystalline surface by a focused laser spot having a 
Gaussian intensity profile is the measure of the size 
of the melt-quenched amorphous mark. Larger 
amorphous marks will have a larger overlap with the 
laser spot, therefore will show a larger drop in the 
reflected intensity. The reflectivity traces obtained 
during the erasure of these marks at various pulse 
power indicate that a minimum pulse power of ~ 4.3 
mW is needed to erase these marks. Thjaisiecau^ 
lower vglues of pulse-power^do not _gjSduce-enotigh 
te mpera ture at the mark boundary to trigger.crystal- 
lin^growHC^Asrino^^ the laser spot has 

a Gaussian intensity distribution at the focus, which 
produces a radially symmetric Gaussian temperature 
distribution at the mark center and the height of the 
Gaussian temperature profile is proportional to the 
pulse power. The temperature profiles can be sim- 
ulated using a computer code Temprofile™ . 10 Com- 
mercial quadrilayer structures, such as the one used 
in this study are designed to reach a steady-state 
temperature distribution under 1.0 jjls of laser irra- 
diation. Based on this analysis, we conclude that 
4.3 mW of pulse power raises the temperature at the 
mark boundary to a value at which there is a slight 
growth probability to initiate the erasure of the melt- 
quenched mark. The erasure of the melt-quenched 
amorphous mark occurs by inwards growth of the 
crystalline boundary. Above 4.3 mW of pulse power, 
we see that crystallization onset time decreases with 
increasing the pulse power. For a very high erase 
pulse power (7.0 mW) setting we see that the crys- 
tallization starts at the onset of the laser pulse. At 
tins .power, the temperature at the mark boundary 
(iquickly reacfies^a value at which there is a very high 
cry Stallme^g rowtn .pr obability^^ 

The second set^of marks Was"created by laser pulses 
having 14.5 mW of pulse power and 40-ns pulse 
width. Reflectivity traces obtained during the melt- 
quenched amorphous mark formation and erasure of 
these amorphous marks by 2.0-^s-long pulses having 
variable power are shown in Pig. 10(b). These 
amorphous-mark sizes are smaller as indicated by a 
9% drop in the reflectivity, which is smaller in com- 
parison with a 10% drop in the reflectivity during the 
formation of the first set of marks. The minimum 
pulse power required to erase these marks is 3.9 mW. 
This is because the mark boundary is closer to the 
center of the laser focus spot, where a higher temper- 
ature can be reached by a relatively lower power laser 
pulse. Figure 10(c) shows the results of a similar 
experiment conducted on a third set of melt-quenched 
amorphous marks created by 12.0-mW, 40^^^g^ 
pulses. The minimum laser power i * 
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Fig. 10. (a) Reflectivity curves obtained during melt-quenched 
amorphous mark formation on a fully crystalline Ge 5 Sb 68 Te 27 film 
by a 16-mW, 40-ns long laser pulse and during the attempted 
erasure of this mark at various laser pulse powers. All laser 
pulses used in the erasure have a 2.0- ^ls pulse width, (b) Reflec- 
tivity curves obtained during melt-quenched amorphous mark for- 
mation on fully crystalline GesSo^T^ film by a 14.5-mW, 40-ns 
long laser pulse and during the attempted erasure of this mark at 
various laser pulse powers. All laser pulses used in the erasure 
have a 2.0-jis pulse width, (c) Reflectivity curves obtained during 
melt-quenched amorphous mark formation on a fully crystalline 
Ge s Sb 68 Te 27 film by a 12-mW, 40-ns long laser pulse and during 
the attempted erasure of this mark at various laser pulse powers. 
All laser pulses used in the erasure have a 2.0-u.s pulse width. 



^Amorphous mark formation 
Pulse Power = 14.5 mW 
i Pulse Width = 40 i 




T- 

0 



Time (us) 



Fig. 1 1. Reflectivity trace obtained during a melt-quenched amor- 
phous mark formation by a 14.5-mW, 40-ms laser pulse shows a 
drop in reflectivity from 34% to 25%. If we erase many such 
melt-quenched marks by 4.3-mW, 2.0- long pulses, we obtain the 
reflectivity variation curves as shown. 



these marks is 2.9 mW. Based on the results shown 
in Figs. 8, 9, and 10, we conclude that in Ge 6 Sb 68 Te 2 7 
media the mark erasure starts at the crystalline- 
amorphous boundary once the temperature at the 
mark boundary is above a certain temperature. 

E. Fluctuations in Erasure Onset Time of the 
Melt-Quenched Marks 

In the previous experiment we have shown that the 
erasure of a melt-quenched amorphous mark starts 
from the mark boundary once the temperature at 
mark boundary reaches a critical value. However, 
the erasure at the critical temperature is probabilistic 
in nature, which is depicted in Fig. 11. Ten melt- 
quenched amorphous marks were created by 14.5-mW, 
40-ns-long laser pulses on crystalline Ge 5 Sb 68 Te 2 7 
film. All of these marks were then erased by 3.9-mW, 
2.0-fjLS-long laser pulses. The reflectivity traces ob- 
tained during melt-quenched amorphous-mark forma- 
tion and during erasures are shown in Fig. 11. This 
figure shows that the erasure onset time for nine melt- 
quenched amorphous marks fluctuates between 0.9 to 
1.6 |xs (in one of the cases there was no erasure). We 
know that formation of nucleation centers and their 
subsequent growth are probabilistic processes, which 
are functions of temperature. 11 At lower tempera- 
ture there is a small growth probability, therefore we 
see a fluctuation in crystallization onset time. On 
increasing the pulse power, the temperature at the 
mark boundary increases to higher value, and we see 
a consistent erasure of the melt-quenched marks at the 
onset of the laser pulse. 

F. Amorphous-Mark Erasure in Nucieation-Dominated 
and Growth-Dominated Phase Change Films 

Figure 12(a) shows variation in the reflected signal 
during the erasure of various sizes of melt-quenched 
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Fig. 12. Variation in the reflected signal during the erasure of 
various size melt-quenched amorphous marks in (a) eutectic 
GesSbgeTe^ alloy aim and (b) stochiometric Ge-Sb-Te alloy film. 
Various size amorphous marks were created on crystalline films by 
40-ns long laser pulses at various pulse powers as indicated. 
These melt-quenched amorphous marks were erased by slowly 
increasing the cw power of laser 1, while laser 2 operating at a fixed 
low cw power (0.1 mW) was used for measuring the reflected sig- 
nal. 



amorphous marks written on a crystalline 
G^sSbegTea? film sample by a focused cw laser beam. 
These amorphous marks were created by 40-ns-long 
laser pulses of 10, 12, and 14 mW of pulse power. As 
mentioned earlier, a higher pulse power forms a big- 
ger melt-quenched amorphous mark and gives rise to 
a lower reflectivity at the mark center. In all cases 
after the formation of a melt-quenched amorphous 
mark, it was erased by slowly increasing the cw 
power of same laser in steps of 0.01 mW, while a 
second focused cw laser beam operating at a constant, 
very low power monitored the variation in the re- 
flected signal. In Figure 12(a) we observe that on 
increasing the cw power, the reflected signal sud- 
denly increases at some critical power, and the value 



of this critical power increases with thfe mark size. 
In this experiment the rate of increase of the erase 
power is very small, therefore for a given value of a cw 
power there is a radial distribution of steady-state 
temperature around the center of the amorphous 
mark. For bigger marks the critical temperature at 
the mark boundary is achieved at a higher laser 
power. Thus the reflectivity variation results shown 
in Fig. 12(a) further confirm our previous results that 
crystallization proceeds from the amorphous- 
crystalline boundary once the temperature at the 
boundary reaches a critical value. 

A similar experiment has been conducted on a 
Ge2Sb 2 . 3 Te 5 film whose composition is close to the 
stochiometric ratio. The results of this experiment 
are shown in Fig. 12(b), which shows that the erasure 
of the amorphous mark occurs at a relatively lower 
power and at approximately the same power for all 
sizes of amorphous marks. This indicates that the 
mark boundary has no role to play in the process of 
crystallization of this film. In this case crystalliza- 
tion starts at the center of the amorphous mark by 
the formation of several nucleation centers. Subse- 
quently, these nuclei grow independently to form 
crystalline clusters until the entire amorphous mark 
is crystallized. Because the nucleation occurs at a 
lower temperature, we see crystallization onset at a 
lower laser power. Further, in this film crystalliza- 
tion speed is significantly smaller as indicated by a 
slower rate of increase in the reflectivity after the 
crystallization onset. A linear drop in R in all the 
reflectivity traces on completion of the erasure of 
amorphous marks in Figs. 12(a) and 12(b) is due to a 
continuous change in the optical constants of the 
crystallized PC film as the increasing laser power 
continues to raise the temperature at the focus spot. 
The topmost curves in both figures represent the era- 
sure of an amorphous mark of zero size (or the heat- 
ing of a fully crystalline film). 

G. Composition Dependence of the Crystallization 
Behavior 

Several PC materials can be made for optical data 
storage application by varying the Sb/Te ratio and 
the amount of Ge doping in the vicinity of the eutectic 
point Sb 70 Te 30 . All of these materials show growth- 
dominated crystallization kinetics. The importance 
of high nucleation time has been stated in the intro- 
duction in Section 1, which leads to very high mark of 
stability, low jitter, and the capability to write a 
smaller mark for a higher recording density. How- 
ever, crystallization speed is another important pa- 
rameter for optical data storage application. Higher 
crystallization speed would lead to a faster erasure of 
a melt-quenched amorphous mark, which would give 
a higher overwrite speed for rewritable disk applica- 
tion. Therefore, an ideal PC material for optical 
data storage would be the one that has a large incu- 
bation time and a very high crystallization speed. 
We have studied several binary and ternary aljpys fcq 
investigate the effect of the variation of th$. 
ratio and of Ge doping on incubation time ^d'i^^g ; 
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Table 1. Description of Samples Used 0 



* Binary Sample 


Sb/Te 
Ratio 


• Ternary Sample 


Sb/Te 
Ratio 


(Sb 86>7 Te l '3. 3 ) 


^-6.52 


iOe3.5fabe5.5len.0J 


~~1.11 


'(Sb 8l . 6 Te ie .s) 


-4.41 


(Ge 4 . 3 Sb ai ^Te 14 .i) 


-5.74 




-2.82 


(Gfe^^SbrsoTexea) 


-4.88 






(GegSbesTeaT) 


-2.52 



"To study the effect of the Sb/Te ratio and Ge doping on crys- 
tallization kinetics. 



tallization speed. Table 1 gives the description of 
samples used in this investigation. Figure 13(a) 
shows the probability of crystalline-mark formation 
on as-deposited amorphous film of one of the samples 
(Sb 86i7 Te 13 . 3 ) listed in Table 1 at various pulse pow- 
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Fig. 13. (a) Probability of crystalline mark formation versus the 
duration of the pulses at various laser pulse power in sample 
Sb e6 7 Te 13 3 . (b) Crystallization growth rate (or speed of crystal- 
line mark formation) at various laser pulse power in sample 
Sb 86 7 Te 13 . 3 . Amorphous and crystalline state reflectivities are 
scaled in the range 0 to 1. 
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Fig. 14. Comparison of the variation in (a) nucleation time and (b) . 
crystalline growth rate as a function of the Sb/Te ratio in binary 
and ternary alloys. 



ers, which indicates that the average incubation time 
to start crystallization falls in the 1.8-2.7 jjls range. 
Here the average incubation time is the time in which 
the crystallization probability reaches 0.5. Figure 
13(b) shows the reflectivity traces at various pulse 
powers. Because there is a large fluctuation in the 
crystallization onset time, we have used only those 
curves that show crystallization onset in the vicinity 
of 1.2 jjls at a particular pulse power. Therefore, any 
individual curve in Fig. 13(b) is obtained after many 
crystallization attempts. This is done to ensure 
that, at the time of crystallization onset, the temper- 
ature remains proportional to the applied pulse 
power. The vertical scale in Fig. 13(b) is normalized 
in the range of 0-1, where 0 represent the amorphous 
state reflectivity and 1 represents the reflectivity of 
fully crystalline film. This normalization is re- 
quired to compare the crystallization speed of various 
samples of different compositions listed in Table 1, 
which have different reflectivities in their crystalline 
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/and amorphous states. The crystallization speed is 
/ measured in the time range where the reflected sig- 
nal lies in between 40-60% of its maximum value in 
any individual trace. In case of Fig. 13(b), the max- 
imum crystallization speed was obtained at 7.0 mW. 
Similar experiments were conducted on two other 
binary alloys and four ternary alloys listed in Table 1, 
which also indicates the composition ratio for each 
sample. Figure 14(a) and 14(b) is the graphical rep- 
resentation of the variation in nucleation time and 
crystallization rate as a function of the Sb/Te ratio. 
Figure 14(a) shows that for the Sb/Te ratio higher 
than ~ 4.5, the nucleation time for both binary and 
ternary alloys is approximately the same. On de- 
creasing the Sb/Te ratio below 4.5, we observe a very 
sharp rise in nucleation time. Figure 14(b) shows 
that on increasing the Sb/Te ratio, the crystallization 
speed increases in both binary and ternary alloys, 
and that the crystallization growth rate is slightly 
higher for the ternary alloy system at a given Sb/Te 
ratio. In comparison with these eutectic binary and 
ternary materials, the nucleation time for the sto- 
chiometric GeSbTe material is less than 10 ns, and it 
has a maximum growth rate ~- 2.79/fjus" 1 . 

4. Conclusions 

We have presented a set of experiments that show 
that in eutectic Sb-Te based alloys the initiation of 
the crystallization process in fully as-deposited and 
melt-quenched amorphous states is extremely slow 
because of a large nucleation time. Though there is 
a slight improvement in the nucleation probability in 
the melt-quenched state, the basic crystallization ki- 
netics remain very similar in both states. Both 
states show excellent crystalline growth at the 
amorphous-crystalline boundary (a situation of rele- 
vance in a real data storage system), which makes 
these alloys very useful for direct overwrite optical 
data storage devices. We have also shown that the 
nucleation probability is a function of the accumula- 
tive laser irradiation time, which means that it does 
not matter if we irradiate the film continuously in one 
step or in small steps with large ideal time intervals. 
This study also indicates that on increasing the in- 
cubation time by decreasing Sb/Te ratio, crystalliza- 
tion speed decreases. Therefore, one has to set a 
compromise between incubation time and crystalli- 
zation speed. It seems that the Sb/Te ratio some- 
where in between 4.5 to 5 would be an optimized 
value for the Sb/Te ratio. Once the Sb/Te ratio is 
optimized, a doping of an appropriate amount of Ge 
may be done to increase the crystallization speed. It 
would be worthwhile to do jitter measurements in the 



vicinity of the Sb/Te ratio at — 4.5 to determine the 
exact composition of the alloy to optimize the disk 
performance. 
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